Abstract. Boundary layer concentrations of several volatile organic compounds (VOC) were measured during two campaigns in springs of 2003 and 2006. The measurements were conducted over boreal landscapes near SMEAR II measurement station in Hyytiälä, Southern Finland. In 2003 the measuremens were performed using a light aircraft and in 2006 using a hot air balloon. Isoprene concentrations were low, usually below detection limit. This can be explained by low biogenic production due to cold weather, phenological stage of the isoprene emitting plants, and snow cover. Monoterpenes were observed frequently. The average total monoterpene concentration in the boundary layer was 33 ppt v . Many anthropogenic compounds such as benzene, xylene and toluene, were observed in high amounts. Ecosystem scale surface emissions were estimated using a simple mixed box budget methodology. Total monoterpene emissions varied up to 80 µg m −2 h −1 , α-pinene contributing typically more than two thirds of that. These emissions were somewhat higher that those calculated using emission algorithm. The highest emissions of anthropogenic compounds were those of p/m xylene.
Introduction
Atmospheric aerosol particles are important for the global radiation budget (Seinfeld and Pandis, 1998; Twomey, 1991; Ramanathan et al., 2001; Cess et al., 1995; Kurten et al., 2003; Kulmala et al., 2004a) . In addition to anthropogenic sources, biogenic activities increase significantly the aerosol load (e.g. Tunved et al., 2006) . Substantial production of new aerosol particles has been observed in forested boreal reCorrespondence to: S. Haapanala (sami.haapanala@helsinki.fi) gion (Mäkelä et al., 1997; Kulmala et al., 2004b) . The maximum of new aerosol particle formation in these areas occurs in the spring . Aerosol formation and especially growth in rural areas are expected to be caused mainly by terpenoid compounds and their oxidation products (O'Dowd et al., 2002; Tunved et al., 2006) . To understand the details of these formation and growth processes, it is important to know the concentrations and sources of condensable vapors in the atmosphere. Atmospheric concentration of any trace gas depends on transport, sources, sinks and chemistry of the compound in question. Surface-and boundary layer concentrations of volatile organic compounds (VOC) in European boreal region have been measured by various investigators (e.g. Janson et al., 1992; Hakola et al., 2000 Hakola et al., , 2003 Hakola et al., , 2006a Spirig et at., 2004; Rinne et al., 2005) .
Classical nucleation theories suggest that high saturation ratio of condensable vapors leads to nucleation. High saturation ratio can be obtained by lowering the temperature, or by increasing the concentration. The highest concentrations of condensable compounds occurs usually just above the canopy while lowest temperatures are observed at the top of the boundary layer. In addition to saturation ratio, several other factors have effects on nucleation. These include relative humidity, pre-existing particle surface and turbulent mixing. These partly contradicting requirements make it almost impossible to predict where in the boundary layer the formation of new particles actually takes place, and which are the most important factors affecting it.
VOC emissions can be estimated on different scales by different techniques. Branch scale VOC emissions of typical tree species in the boreal areas have been measured using chambers by e.g. Janson (1993) , Hakola et al. (1998 Hakola et al. ( , 2006b and Tarvainen et al. (2005) . On the ecosystem scale VOC emissions from boreal forests have been measured by e.g. Rinne et al. (1999 Rinne et al. ( , 2000a Rinne et al. ( , 2000b and Spanke et al. (2001) . These studies proved boreal vegetation to be strong monoterpene emitters, with some sesquiterpene and isoprene emissions as well.
Surface emissions on the landscape scale can be estimated using boundary layer concentrations. Davis et al. (1994) performed first measurements of landscape scale hydrocarbon emissions using a mixed-layer gradient technique. They measured isoprene and monoterpene concentrations in the lower part of the boundary layer above tropical rainforest in Amazonas, Brazil and mixed pine-oak forest in Alabama, USA. In the boreal region Spirig et al. (2004) have measured boundary layer concentrations of isoprene and monoterpenes using tethered balloon in the Southern Finland in summer-time. They used both mixed-layer gradient and mixed box budget methods and estimated the surface fluxes of monoterpenes to be between 180 and 300 µg m −2 h −1 in August 2001. However, no previous measurements in these regions in early spring, which is the maximum particle formation season, have been reported. In addition, there is not much information on the boundary layer concentrations of the anthropogenic compounds in the rural areas of northern Europe.
In the present study, we measured concentrations of several non-methane hydrocarbons throughout the boundary layer. In addition, we calculated estimates for the landscape scale surface emissions of these compounds. Our measurements were conducted in early spring when events of new aerosol particle formation are often observed in boreal areas. An extensive set of aerosol measurements were performed simultaneously.
Materials and methods
The measurements were performed during QUEST II ( Table 1 summarizes the flights and some of the basic atmospheric properties during them. Despite of some longer flights, only samples taken within 45 min were accepted to represent one profile. Figure 1 shows three examples of hot air balloon routes and the location when VOC sampling was conducted. In Fig. 2 altitude curves of the same flights with VOC sampling points are shown. Due to problems with GPS data, routes of all flights are not available.
The measurements took place near SMEAR II measurement station, located in Southern Finland (61 • 51 ′ N, 24 • 17 ′ E, 180 m a.s.l.). The area belongs to the southern boreal zone. Vegetation consists mainly of coniferous trees, dominated by Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). Figure 1 shows the different land use categories around SMEAR II station. In Table 2 the proportional abundances of different categories are given. The land use data is derived from satellite photographs and forest inventories by National Land Survey of Finland and has a resolution of 25×25 m.
The annual mean temperature in the area is 3 • C. The warmest month is July with mean temperature of 16 • C and the coldest is February with mean temperature of -8 • C. The annual mean precipitation is 700 mm. These climatological 
al., 2002).
At the SMEAR II measurement station many environmental parameters are measured routinely . These include various aerosol measurements, concentrations and surface fluxes of H 2 O, CO 2 and O 3 as well as ordinary meteorological parameters. In Both aircraft and hot air balloon were equipped with temperature and humidity sensors. These were used to determine the top of the boundary layer. This was done subjectively from the potential temperature and water vapour mixing ratio data. The top of the boundary layer was assumed to be at the height where water vapour mixing ratio has a strong change or potential temperature gradient changes to positive. In Fig. 4 , one typical case (13 March 2006) is shown. The measurement platform during QUEST II 2003 flights was a DHC-6/300 Twin Otter STOL fixed-wing, twin engine aircraft OH-KOG. The airflow for VOC samples was taken in through a pitot tube located at the roof of the aircraft, in front of the engines. Dynamic pressure of the pitot tube generated a flow through 3 m of Teflon tubing which had an outlet below the aircraft. The total airflow at the sample inlet was much higher than required for VOC sampling devices. Sampler devices were connected to this line. For more details of the sampling system, see O'Dowd et al. (2007) . The measurement platform during LABACET 2006 flights was an Ultramagic S-130 hot air balloon OH-SOL with an Ultramagic C-6 gondola and a MK-21 burner. To avoid the contaminants produced by the burner, the measurements were performed only during descend of the balloon, when there is strong flow of unaffected air from below the gondola and when the usage of burner is minimal. In addition, the samples were collected about two meters below the gondola base. From the data of aerosol particle number concentration, temperature and humidity, it was confirmed that these procedures were adequate to guarantee contamination free measurements.
Light C 2 -C 6 hydrocarbons were sampled into 0.85 l electro polished stainless steel canisters. The canisters were evacuated beforehand and pressurized during sampling using Teflon coated pump. The duration of one canister filling was 60-180 s. Chemical analysis of these samples was performed using a gas chromatograph (HP-6890) with a flame ionization detector (FID).
Heavier C 5 -C 10 hydrocarbons were trapped into cartridges filled with Tenax-TA and Carbopack-B adsorbents. The samples were taken using 10-min sampling time and constant flow of about 0.26 l per minute in the QUEST II campaign. During the LABACET experiment only 1-to 4-min sampling times were possible. Therefore we had to use a sampling flow of about 0.45 l per minute. At this high flow rate a breakthrough can be a significant problem and hence we used two cartridges installed in series. The concentrations analysed from these two cartridges were summed to yield the total concentration. On average 90% of the measured total monoterpene concentration was trapped in the first cartridge. The adsorbent samples were analyzed using automatic thermodesorption device (Perkin-Elmer ATD-400) connected to a gas chromatograph (HP-5890) and a mass-selective detector (HP-5972). For more details on the analysis systems used for airborne samples, see Hakola et al. (2000) .
During the QUEST II 2003 campaign, additional surface layer concentration measurements of monoterpenes were conducted at the top of the SMEAR II tower, above the forest canopy. These samples were collected on Tenax-TA at 50 ml min −1 for 2 h per sample. A sampler system with timers and solenoid valves was used to enable sampling around the clock for the duration of the campaign. The samples were analysed in the laboratory by ATD-GC-MS. For more details on the sampling and analysis system of surface measurements, see Janson et al. (2001) . Table 3 summarizes all sampling procedures during these projects.
In order to estimate the magnitude of the surface emission, we used a simple mixed box budget method (e.g. Guenther et al., 1996) . In this method, the mixed boundary layer is treated as a closed and well mixed box where sources (surface emission) and sinks (chemical loss and entrainment) are in balance. Here we assume that these processes are constant in time and space, causing the mean concentrations of the compounds to be constant as well. The entrainment flux at the top of the boundary layer can be estimated using jump model where flux equals to product of concentration difference across the boundary layer top and the growth rate of the boundary layer. Guenther et al. (1996) and Spirig et al. (2004) showed that in their studies neglecting entrainment would lead to less than 20% underestimation in the surface flux. Due to lack of good estimates of boundary layer growth rate, the entrainment flux at the top of the boundary layer is neglected in this study. This leads, on average, to similar underestimation in the surface flux as in the studies cited above, as will be shown in Results and discussion. After these assumptions we can write
where F is the surface flux, z is the height of the boundary layer and S is the chemical loss rate. The chemical loss rates for different hydrocarbons were estimated from their reactions with ozone (O 3 ) and hydroxyl radical (OH). Ozone concentration was measured at the top of the SMEAR II mast, 67 m above the ground level. Although measured in the lowest part of the boundary layer, this data was assumed to represent the whole mixed boundary layer with reasonable accuracy. This data was used directly to estimate the loss rate of hydrocarbons caused by ozone. The typical monthly mean daytime concentrations of OH were adopted directly from Hakola et al. (2003) . They calculated daytime concentration of OH using a photochemical model. The model was initialized using data from year 2000, measured in the vicinity of SMEAR II station. The mean OH concentrations were 0.013 ppt and 0.030 ppt for March and April, respectively. Real instantaneous values may differ significantly from these typical values. From the differences between mean concentrations of successive months in the spring, it was estimated that the actual concentration may differ from mean values even with a factor of about 3. This conclusion is supported by the model data presented by Boy et al. (2005) . Reactions of hydrocarbons with nitrate radical (NO 3 ) were ignored because they are important only during night time. Loss rates were calculated from
where c VOC is the concentration of a particular VOC compound, c O3 and c OH are the concentrations of O 3 and OH, respectively, and k O3 and k OH are the corresponding second order rate coefficients. Average boundary layer concentrations were obtained by trapezoid integrals. Integration was conducted from the lowest measured point up to the top of the boundary layer. The uppermost concentration measurement was extrapolated to represent the concentration at the top of the boundary layer. The concentrations that were below the detection limit of the chemical analysis were converted to the value of detection limit divided by two. 
Results and discussion

Boundary layer concentrations of volatile organic compounds
Statistics of the VOC concentrations measured during the whole campaigns are presented in Table 4 . Isoprene concentration exceeded the detection limit (≈10 ppt v ) only in two samples. Isoprene is known to be emitted by many boreal plant species (e.g. Hakola et al., 1998; Hellén et al., 2006; Haapanala et al., 2006) directly from synthesis which is light and temperature dependent (Guenther et al., 1993) . The absence of isoprene can be explained by three factors: early time of year, cold weather at the time of the measurements, and relatively low coverage of isoprene forming plants. Due to early time of year isoprene emitting deciduous trees did not have leaves yet and ground vegetation, such as sphagnum mosses in wetlands, was covered by snow. Cold weather alone could have explained low concentration of isoprene on most of the days. Monoterpenes were observed frequently throughout the boundary layer. Figure 5 shows relative abundances of different monoterpenes in the surface layer and in the boundary layer. In this comparison only data from QUEST II 2003 was used. The most abundant monoterpene was α-pinene with average daytime surface concentration of 37 ppt v and boundary layer concentration of 18 ppt v . The second most abundant monoterpene was 3 -carene. Contribution of camphene was strongly increased upwards. This is, at least partly, explained by the differences in reactivities of different monoterpenes. Camphene has lowest reactivity against OH and O 3 of the monoterpenes analyzed (Atkinson, 1994) . The average total monoterpene concentration in the surface layer was 63 ppt v . Hakola et al. (2003) measured the average total surface layer concentrations of monoterpenes to be about 80 ppt v in March 2001 at SMEAR II. The average temperature at this time was -5 • C. This value as well as the monoterpene distribution is quite similar compared to our results. Also Rinne et al. (2000a) measured surface layer monoterpene distribution at SMEAR II in August 1998. They found almost similar distribution with somewhat higher proportion of α-pinene and lower proportion of 3 -carene. The total concentration in their measurement was about 500 ppt v .
Higher in the boundary layer the average total monoterpene concentrations were 34 ppt v and 32 ppt v during QUEST II 2003 and LABACET 2006 , respectively. Spirig et al. (2004 measured average monoterpene concentration to be 37 ppt v within mixed layer in August 2001 above Hyytiälä. This concentration is close to those values measured in the present study. Also the monoterpene distribution was quite close to our results except for the significant limonene concentrations measured by Spirig et al. (2004) . Hakola et al. (2003) found out that limonene concentrations in the surface layer have stronger seasonal variation than other monoterpenes, with higher concentrations during summer and fall.
In Fig. 6 examples of vertical gradients of monoterpene concentrations are shown. The gradients are seldom well behaving although clear decreasing trend upwards can be seen. Figure 6b shows how monoterpene concentrations suddenly dropped at nearly constant altitude. Some of these variations in the gradients may be explained by changes of vegetation inside measurement footprint during movement of the measurement platform. A large part of the variation is explained by analytical uncertainties of 17% up to 61% for different monoterpenes. The magnitudes of analytical uncertainties are calculated as mean relative standard deviation of parallel samples taken regularly at the SMEAR II station. Due to short sampling times in the present study, real uncertainties are likely to be even higher.
In addition to biogenic compounds, the concentration data of four VOCs of mainly anthropogenic origin are given in Table 4. The highest concentrations are those of benzene, being 179 ppt and 148 ppt during QUEST II 2003 and LABACET 2006 , respectively. Figure 7 shows selected vertical gradients of benzene. For comparison, Hakola et al. (2006a) observed average benzene concentrations in the surface layer to be 211 ppt v and 28 ppt v in the winter and summer, respectively. Those surface air measurements were done at a rural site in the Northern Finland. Xylene concentrations varied a lot, average concentration being close to that of benzene. Emissions of these anthropogenic compounds can be assumed to be roughly constant throughout the year, but slower chemical degradation in the winter causes about ten-fold concentrations.
Estimates of surface emissions
The total landscape scale emission of monoterpenes varied between 5±4 and 39±11 µg m LABACET 2006. The dominant compound in the emissions was α-pinene (see Fig. 8 and Table 5 ). Emission did not show clear dependence on the surface temperature (see Fig. 9 ) which can be due to very low temperatures and resulting low concentrations as compared to analytical uncertainties. The uncertainty estimates were obtained by standard error propagation. Uncertainties used in this analysis were: Boundary layer height 10%, concentrations 17%-61% depending on the compound, O 3 concentration 5%, OH concentration 300%, reaction rate constants 10%.
We did not have observations on the growth rate of the boundary layer but from the boundary layer heights it was assumed to be less than 0.01 m s −1 . Using the average boundary layer concentration of monoterpenes during LABACET 2006 (0.17 µg m −3 ) entrainment flux of less than 6 µg m −2 h −1 is obtained. Compared to average surface flux of monoterpenes (38.4 µg m −2 h −1 ) this means underestimation of about 16%.
We calculated the landscape scale monoterpene emission potential using temperature dependent emission algorithm (Guenther et al., 1993) with commonly used temperature dependency factor β=0.09 • C −1 . The standard emission potential obtained was 145 µg m −2 h −1 . For comparison, we calculated the average landscape scale emissions using the same algorithm (Guenther et al., 1993) , the land use data presented in Table 2 , and emission potentials and foliar biomass densities for different forest types used by Lindfors and Laurila (2000) . The resulting landscape scale emission potential of monoterpenes was 575 µg m −2 h −1 , which leads to somewhat higher emissions than those derived in this paper. These curves are shown in the Fig. 9 . Spirig et al. (2004) reported landscape scale emissions to be lower than ecosystem scale emissions measured before at the same place, which supports our results.
Estimates of production rate of condensable vapors
We estimated the production rate of condensable vapors from the total oxidation rate of VOCs (Eq. 2). We assumed average formation yield of 8% from monoterpenes (e.g. Yu et al., 1999; Hoppel et al., 2001 ) and 4% from aromatic compounds (e.g. Odum et al., 1996) . The average total production rate of condensable vapors was 0.6×10 4 molecules cm −3 s −1 which is about half of the values reported by Spanke et al. (2001) and Spirig et al. (2004) at the same site. However, they both conducted measurements in August when temperature and hence emissions of biogenic compounds are substantially higher. In addition, oxidant levels are significantly higher at that time of the year. To study the annual cycle of production of condensable vapors from monoterpenes (α-pinene, β-pinene, 3 -carene, camphene, sabinene and limonene) we used the concentration data measured by Hakola el al. (2003) . From these data we calculated the monthly production rate in the similar manner for surface layer at about midday. In March the surface layer production turns out to be about threefold compared to our results representing the whole boundary layer. Further we can see the strong annual cycle peaking in the June-July, when temperature induced emissions of monoterpenes are highest together with fast oxidation due to strong solar radiation.
Conclusions
Boundary layer concentrations of volatile organic compounds were measured over boreal forests during early springs of 2003 and 2006. Due to short sampling times used in LABACET 2006 experiment, those results are somewhat more uncertain. Because of the ability to maintain stable flight altitude, aircraft seems to be better measurement platform than hot air balloon for this kind of work.
Despite of cold weather, the boundary layer concentrations of monoterpenes were at the same level than those measured in August at the same site during earlier studies. Isoprene, however, was almost absent. Although monoterpene concentrations were at the same level than in late summer, the production of condensable vapors was significantly reduced due to slower chemistry. Therefore, the aerosol formation events can not be explained solely by condensable vapors produced from those VOC compounds measured in this study. The concentrations of anthropogenic compounds were at the same level than those observed in the wintertime during earlier studies. Likewise for the biogenic compounds, the high concentrations are explained by the slow OH chemistry due to early time of year.
Landscape scale surface emissions were estimated using a simple mixed box method. The vertical profiles were not always well-behaving and therefore we did not use gradient methods. In the summer, the boundary layer might be somewhat better mixed and thus allows the usage of these methods. Emissions of monoterpenes were lower than predicted by the ecosystem scale measurement data. Fitting of the measurement data to the Guenther emission algorithm yield to the landscape scale emission potential of only 145 µg m −2 h −1 , which is considerably lower than one derived from previous emission measurements. In addition to the systematic underestimation caused by the mixed box method, this may indicate lower emission potential due to early season. The highest monoterpene emissions were those of α-pinene and 3 -carene, which is in line with previous measurements conducted over boreal forests. Edited by: K. Hämeri
